The Secondary Ionization Wave and Characteristic Map of Surface
  Discharge Plasma in a Wide Time Scale by Zhu, Yifei & Wu, Yun
ar
X
iv
:2
00
5.
09
21
1v
1 
 [p
hy
sic
s.p
las
m-
ph
]  
19
 M
ay
 20
20
The Secondary Ionization Wave and Characteristic Map of Surface Discharge Plasma
in a Wide Time Scale
Yifei ZHU∗ and Yun WU†
1 Science and Technology of Plasma Dynamics Laboratory, Xi’an 710038, People’s Republic of China and
2 Institute of Aero-engine, School of Mechanical Engineering,
Xian Jiaotong University, Xian 710049, People’s Republic of China
(Dated: May 20, 2020)
Variation of voltage profiles with different time scales leads to the redistribution of deposited
energy as well as electro-hydrodynamic forces, while the mechanism and scaling law is still unknown.
On the basis of theoretical and numerical analysis, we show that a secondary surface ionization wave
forms during the voltage rising slope when electron density decreases to a critical level while the
voltage is still rising. A characteristic map of energy and electro-hydrodynamics force in time
scales between 1 ns and 0.1 s at atmospheric pressure is proposed, opening the door towards the
target–directed design of surface discharges.
The surface ionization wave above a dielectric has been
the subject of many experimental and theoretical works
since the 20th century. The discharge dynamics, the
thrust and deposited energy are the key features of in-
terest for different communities, e.g. surface treatment
(some times called surface plasma “bullets”)[1], atmo-
spheric pressure plasma jet (APPJ), and plasma flow con-
trol by surface dielectric barrier discharges (SDBD)[2, 3].
The advances of fast imaging techniques, modeling the-
ories and tunable power sources in recent years have al-
lowed deeper insights into the discharge dynamics and
hydrodynamics characteristics of the surface ionization
waves. The propagation of a surface ionization wave
driven by a short nanosecond pulse is observed through
optical spectrum emission and successfully reproduced
by numerical simulation in [4, 5]. A set of analytical so-
lutions is built based on experiments and latest simula-
tions [6]. In recent experiments [7, 8], new power sources
with tunable rising slopes are used, secondary current
spikes are observed during the voltage rising edge, which
are different from the widely known secondary current
spike in the voltage trailing edge when the electric field
is reversed. This phenomena has not been observed be-
fore and the mechanism is not clear yet.
In this Letter we perform simulations to show the prop-
agation of the surface ionization waves in conditions close
to those of [7], i.e., in air at atmospheric pressure driven
by voltages of different rising slopes. The model results
agree well with the experiments and can explain the ob-
served secondary current spikes. They give a good quan-
titative prediction and explanation of the formation of
the secondary ionization wave during voltage rising slope.
Based on the experimental data, simulations and the an-
alytical solutions summarized in this work, we propose a
general scheme of energy and electro-hydrodynamic force
characteristics of surface discharge plasma as functions of
voltage rising time and amplitude.
The formation of the secondary ionization wave. – In
the surface discharges, the secondary breakdown has long
been observed at the trailing edge of the voltage pulse:
the electric field and current change the direction at this
stage, leading to the generation of a secondary surface
ionization wave of the opposite polarity near the elec-
trode.
At specific conditions, there exists a secondary ioniza-
tion wave having the same polarity of charged head and
current with the first one. This phenomena often occurs
when the voltage (hundreds of kV) rising time is hun-
dreds of microseconds and the gap is long (∼1 m) and
was known as the stepwise leader. The mechanism is
closely related to the gas heating and changes in the gas
density[9, 10].
However the secondary surface ionization wave occurs
in a much shorter time scale (hundreds of ns) even be-
fore the first wave ends. We notice that this time scale
corresponds to the electron decay due to the dissociative
recombination process[11]:
ne(t) ≈
ne0
1 + t/τr
(1)
where τ−1r = 1.4 × 10
−12(300/Te)
0.5ne is the character-
istic time of dissociative recombination of electrons with
O+4 ions, ne0 is the electron density formed when the
first ionization front passes, t is the time after the first
ionization wave passed.
When the electron density in the surface plasma chan-
nel decreases to 1018 − 1019 m−3, the in–channel region
cannot shield the increasing external electric field. Thus,
the high near electrode electric field plus the highly pre–
ionized plasma trace left by the first ionization wave is
possible to produce a secondary ionization wave.
To formulate the critical electron density or time mo-
ment of the secondary surface ionization wave, the initial
electron density ne0 can be expressed as[11]:
ne0 ≈
νicV
2
h ǫ
2
8πeµE2cd
2
(2)
where the ionization frequency νi can be closely ap-
proximated by the dependence νi = νic(E/Ec)
2, νic =
23.5 × 1011 s−1 independent from gas density, and Ec =
277 kV/cm in atmospheric pressure. ǫ = 4.3 is the dielec-
tric constant, µ ≈ 0.06 m2/(V s) is the electron mobility.
Vh is the potential of the first ionization head and can be
expressed as Vh = Vbd+ktd, where k is the voltage rising
rate, Vbd = 7.3 × 10
4(1 + 1/(πǫ))h0.5d is the breakdown
voltage, td is the discharge propagation time:
td ≈
4h2dνic
µ2E2c ǫ
(3)
where hd is the thickness of the plasma channel (∼
50 µm in atmospheric pressure). At critical time mo-
ment t = tcri, the electron density decreases to necri
when the secondary ionization wave occurs. Substitut-
ing equation (2), (3) and ne(t) = necri into (1) leads to
a quadratic equation. The solution plus the time before
breakdown gives the criteria time moment of the second
surface ionization wave:
tcri ≈ 1.25× 10
12ne0 − 2necri
n2ecri
+
Vbd
k
(4)
The condition of secondary surface ionization wave for-
mation can then be expressed as trise>tcri or ne<necri.
It has to be noted that equation (1) is a rough approxi-
mation requiring the information of mean electron tem-
perature Te. The accuracy of the estimation of ne0 from
equation (2) is affected strongly by the accuracy of Vh,
ne0 et al. To have a more precise calculation for equa-
tion (4), detailed numerical simulations are necessary.
We now take the experimental parameters as the input
of our discharge model and investigate the condition of
the secondary surface ionizationw wave formation. The
discharge is modeled with the classical drift–diffusion–
reaction model of Ref [4]. Two voltage amplitudes are
calculated: Vmax = 14 kV as in the experiment[7] and
Vmax = 24 kV.
The height of the simulation domain is 5 cm and its
weight is 8 cm, sufficiently much larger than surface ion-
ization wave scale that the background field can be de-
cided by Neumann boundary conditions for the electric
potential on the boundary. Together with the dielectric
with permittivity of 4.3 and thickness of 1 mm, this fixes
the stationary field. The surface discharge plasma devel-
ops its own electric field. Because of the superposition
principle, this can be calculated from the charge distri-
bution within the discharge and then added to the other
field.
The equations are discretized on a static nonuniform
grid. The grid is refined in the area where a streamer is
expected to propagate. The size of the finest grid cells
is 5 µm. Away from the area of streamer propagation,
grid cells exponentially increase in size up to 0.2 mm on
the boundaries. To speed up the calculation, a smaller
region with height of 0.1 cm and weight of 4 cm is used
only to solve the drift–diffusion–reaction equations.
FIG. 1. The x-t diagram of the electric field in the discharge
channel of 24 kV case at (a) Trise = 100 ps, 2 ns and 50 ns;
(b) Trise = 50 ns, 250 ns; (c) the current value of the 14 kV
case at (c) Trise = 250 ns and (d) Trise = 400 ns. The dash
dot grey lines in (c) and (d) are the applied voltages, the
red solid lines are the calculated discharge current and the
scatters are from experimental measurements.
The result of our simulations is shown in Fig. 1.
Fig. 1 (a-b) show the x-t diagram of the field in the dis-
charge channel (25 µm above the dielectric) at 24 kV
with different rising times (trise=100 ps, 2 ns, 50 ns
and 250 ns). For the same peak voltage, the ionization
front propagates much faster with higher electric field at
shorter rising times (the left panel). With the increase of
the voltage rising time, the field near the electrode grows
and a secondary ionization front appears starting from
150 ns in the trise=250 ns case.
The calculated current values for the 14 kV case with
trise=250 ns and trise=500 ns are plotted in Fig. 1 (c-d)
together with experimental measurements and applied
voltage profiles. The starting moment and the ampli-
tude of the secondary current peaks agree well with the
analytical prediction and experimental measurements.
We take the electron density value from the discharge
model as the input for equation (4) to calculate the cri-
teria electron density necri. At Vmax = 24 kV and
trise = 250 ns condition, ne0 = 1.6 × 10
20 m−3 and
tcri = 150 ns, this leads to necri = 5.1 × 10
19 m−3. At
Vmax = 14 kV and trise = 250 ns condition we have
necri = 4 × 10
19 m−3. The same procedure applied to
Vmax = 14 kV and trise = 400 ns condition leads to
3necri = 3.7× 10
19 m−3. Thus, if the voltage rising time
is longer than the time required for the electron density
decaying to below 3 ∼ 5 × 1019 m−3, it is possible that
the secondary surface ionization wave appears.
The energy deposition. – Energy deposition is the pi-
oneering process of gas heating/fluid responses and has
been found to be related with the rising slope [12]. In
general, shorter rising time leads to higher energy depo-
sition (calculated from j ·E), but quantitative analysis is
not available.
We calculate the total energy deposition for different
rising slopes shown in Fig. 2. The upper panel shows the
spatial distribution of deposited energy. The energy is
distributed smoothly along the plasma channel at short
pulses (Fig. 2 (a) and [13]). At longer rising time, the
secondary ionization wave appears, and the energy is also
deposited in the entire channel but are mainly in a local
region behind the secondary ionization wave because of
higher electric field as predicted in Fig. 1.
FIG. 2. The spatial distribution of the total deposited energy
at different rising times (a) trise = 10 ps (b) trise = 250 ns (c)
trise = 400 ns and (d) the temporal evolution of total energy.
The dash–dot lines are the applied voltage and the solid lines
indicate the energy deposition from 1 ps to 1 µs.
The lower panel of Fig. 2 shows the temporal evolution
at different rising slopes. It is interesting to find that,
with a fixed peak voltage, the deposited total energy in-
crease with the shorter pulse front until trise = 1 ns, and
decrease with longer pulse rising time. In the moment of
the secondary ionization wave appearance (T≤250µs),
the energy deposition is more or less the same. This phe-
nomena can be explained starting from the viewpoint of
an analytical solution.
The total deposited energy of SDBD was formulated
in [6] as a function of permittivity, voltage, discharge
length, dielectric thickness and breakdown voltage:
Q ≈
ǫV 2maxls
16πd
(1−
V 2bd
V 2max
)× 10−9 (5)
where ls is the discharge propagation length. In a pulse
discharge, ls is the discharge propagation length, while
in SDBD driven by sinusoidal voltage waveforms, ls is
the accumulative propagation length due to successive
micro–discharges[6, 11].
We rewrite equation (5) to take into account the dif-
ferent morphologies of the discharge (3D filaments or 2D
sheets) and the voltage rising slopes in following condi-
tions:
(1) trise<td: in this case the voltage rising slope is
ultrashort (a few nanoseconds), the discharge is in the
form a quasi–uniform 2D discharge sheet. In this case
we consider the discharge as a single 2D sheet, ls =
2hdνicVmax/(µEc
2).
(2) trise ≫ td: we consider trise>10td, in this case
the voltage rising slope is slow, there can be multiple
discharges appear simultaneously in the form of 3D fila-
ments, in this case ls = ls2D(5ǫ+4)log(1+2d/hd)/(6(ǫ+
1)(ǫ+2)), is the propagation distance of a single discharge
layer of separated 3D filaments.
(3) td<trise<10td: it is a transition stage when the ris-
ing time and discharge propagation time are comparable.
In this case, both conditions are possible: there is only
one discharge before the maximum voltage in the style
of a 2D sheet, or just like in the case of condition (1),
it is hard to have a definite formula for this condition,
thus we assume the energy are decreasing linearly with
the increasing trise.
The results of the theoretical estimation of total de-
posited energy are plot in Fig. 3 (a) with measurements
from independent groups of experiment and simulations.
It is clearly seen that there is a significant rise of de-
posited energy when trise is reduced to the value com-
parable to td, agreeing well with both simulations and
experiments.
The electro–hydrodynamic force generation. – In a sur-
face discharge, the electro–hydrodynamic force is caused
mainly by the motion of negative charged particles O−
and O−2 . An analytical expression of the time averaged
thrust generated by a sinusoidal ac voltage driven sur-
face discharge has been formulated in [6], which con-
siders the accumulative charge by the micro–discharges
series occur in one sinusoidal period, and applies only
4to the sinusoidal voltage waveform. When the volt-
age rising time is decreased to the streamer propagation
time scale (tens of nanoseconds), the successive mirco–
discharges disappears and an uniform discharge happens.
We rewrite above formula as a function of trise to make
it more general. Two parameters are defined here for
following discussions, the time interval between micro–
discharges tmd = 180[V]× trise/Vmax and the relaxation
time of the negative charge in the surface plasma channel
tres = ls/Vi (Vi ≈ 100 m/s is the ion drift velocity).
(1) tmd<td, the time interval between micro–discharges
is smaller than the discharge propagation time, that is,
the voltage rising time is short enough that only one dis-
charge occurs, this is often the case of nanosecond dis-
charges. Assuming the pulse duration time is two times
the voltage rising time, the average force in one pulse
Fpulse is:
Fpulse = 2.4×
1
trised
(1− exp(−
2trise
tres
))l4s2D (6)
(2) tres<trise: the voltage rising time is long enough
for the negative charge to be relaxed in the channel, thus
successive micro–discharges occur in one duty cycle, this
is often the case of sinusoidal SDBDs. The average force
in one period Fpulse is:
Fac = 2.4×
1
trised
(1 − exp(−
trise
tres
))l4s (7)
where ls = 1.5 × 10
−4(1 + (9Vmax/4dVc)(1 −
7dVc/6Vmax)), dVc = 600 [V] is the normal cathode volt-
age fall. If tres>trise, the discharge is saturated, negative
charges cannot be fully relaxed and the discharge turn to
be filamentary, equation (7) may fail.
The calculated electro–hydrodynamic force is shown
together with the measurement by different groups world-
wide in Fig. 3 (b). The solid lines are the calculated pe-
riod average thrust, the dash-dot lines mark the region
where the discharge become saturated, while the dash
lines indicate the pulse averaged thrust. The calculation
and the experiment are in good agreement.
The characteristic map. – The combination of existing
experimental results, the numerical simulations and the
analytical theory gives an excellent description of the be-
haviors of surface ionization waves in atmospheric pres-
sure, and allow us to draw a general two–dimensional
map characterizing the reduced Electro-Hydrodynamics
force and total energy deposition as a function of voltage
amplitude and rising time.
We plot the characteristic map in Fig.4. The map is
an overlapping of the thrust map (the two “watermelon”–
like petals with the yellow outlines) and the energy map
(the background). Increasing the voltage, in general,
leads to higher thrust and energy deposition. When the
FIG. 3. (a) The deposited energy (reduced by dielectric per-
mittivity and thickness) as a function of trise. The solid, dash
and dash–dot lines are theoretical results (different line styles
indicate different ǫ/d values). The symbols correspond to
numerical simulation, and experimental data extracted from
Ref [7, 12, 14]. The 10 kV case marked with a star is special,
the total deposited energy is quite small, but if we plot this
figure in log Y scale, the deposited energy of the 10 kV case
is not a constant. (b) The average force as a function of trise.
Solid lines are the thrust value averaged to one duty cycle,
the dash–dot lines extended from solid lines are calculated
results in the “saturated” region and only for reference. The
dash lines are the thrust in one pulse. The experimental data
are extracted from paper [15–18].
voltage rising time is reduced to the scale of surface ion-
ization wave propagation time (a few to tens of nanosec-
onds), the deposited energy will increase significantly. To
achieve higher average thrust, one has to move to the red
region of the “watermelon”–like petals, which is also the
“sweetest” region in a real watermelon.
Summary. – We have found that the requirements of
the formation of the secondary surface ionization wave is
the decay of electron density below 3 ∼ 5 × 1019 m−3
while the voltage pulse is still rising. The reason is
that the field in the streamer channel behind the ion-
5FIG. 4. The characteristic map of total deposited energy and
thrust in a surface dielectric barrier discharge in atmospheric
pressure with trise ranging from 1 ns to 0.1 s. The maps
of deposited energy and thrust are overlapped, the energy
(reduced by dielectric thickness in mm and permittivity) map
is the background and the two “watermelon”–like petals are
the map of average thrsut (reduced by dielectric thickness in
mm).
ization head cannot shield the still rising external elec-
tric field originates from the electrode. An analytical ex-
pression is proposed to decide the transition moment. A
2D model coupling Poissons equation and plasma drift–
diffusion equations at atmospheric pressure can repro-
duce strikingly well the features of secondary surface ion-
ization wave observed during discharge breakdown driven
by sub–nanosecond pulses at atmospheric pressure.
The energy deposition and electro–hydrodynamic force
are studied combining experiments, the 2D model and an
extended analytical model. Calculations performed for
different voltage rising times and amplitude show good
agreement with the experimental results. The secondary
surface ionization wave results in the spatial redistribu-
tion of the deposited energy but does not affect the total
energy deposition. Decreasing voltage rising time below
the characteristic discharge propagation time leads to a
sharp increase of total energy deposition.
The combination of experiments, numerical simula-
tions and analytical theories allow us a deeper insight into
the physics of surface ionization waves. A general charac-
teristic map was drawn, providing a direct and clear de-
scription of the performance of surface ionization waves,
this map links the theoretical work and applications, and
opens the door towards the target-directed design of the
surface discharges.
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